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Microtubules, highly dynamic components of the cytoskeleton, are involved in mitosis, cell migra-
tion and intracellular trafﬁcking. Our previous work has shown that the centrosomal protein Cep70
regulates microtubule organization andmitotic spindle orientation in mammalian cells. However, it
remains elusive whether Cep70 is implicated in microtubule stability. Here we demonstrate that
Cep70 enhances microtubule resistance to cold or nocodazole treatment. Our data further show that
Cep70 promotes microtubule stability by regulating tubulin acetylation, and plays an important role
in stabilizing microtubules. Mechanistic studies reveal that Cep70 interacts and colocalizes with
histone deacetylase 6 (HDAC6) in the cytoplasm. These ﬁndings suggest that Cep70 promotes
microtubule stability by interaction with HDAC6 and regulation of tubulin acetylation.
 2015 Published by Elsevier B.V. on behalf of the Federation of European Biochemical Societies.1. Introduction
The centrosome, acts as major microtubule-organizing center in
animal cells, is essential for many cellular functions such as mito-
sis, cell migration and polarization [1,2]. In many mammalian cells,
microtubules are organized radially with minus ends anchored to
the centrosome whereas plus end oriented toward the periphery
of the cell. Cellular homeostasis relies on a dynamic microtubule
network, which can be perturbed by alterations in microtubule
stability and dynamics [3–5]. Microtubules display dynamic
instability at plus ends and relative stability at minus ends [6].
Dysregulation of microtubule stability is causative for develop-
mental defects, neurodegenerative diseases and cancer [7–9].
Many centrosomal proteins have been proved to regulate micro-
tubule stability [10,11]. For example, centrosomal CAP350 protein
stabilizes microtubules associated with the Golgi complex [12].
Besides, centrosomal protein CDK5RAP2 interacts directly with
microtubule plus-end tracking protein EB1, and promotes micro-
tubule stability [13].
Cep70, a centrosomal protein of 70kDa, was initially described
in a proteomic study of human centrosome [14]. Cep70 has beenshowed to contribute to ciliogenesis in zebraﬁsh embryos [15].
CRC70, the Chlamydomonas homolog of Cep70, functions as a scaf-
fold for the assembly of the centriole precursor [16]. In our previ-
ous study, Cep70 has been shown to participate in microtubule
assembly and mitotic spindle orientation [17,18]. In addition,
Cep70 contributes to cell polarization and migration by regulating
microtubule rearrangement [19]. However, the role of Cep70 plays
in microtubule stability remains unknown. In this study, we pro-
vide the ﬁrst evidence that Cep70 promotes microtubule stability
by enhancing tubulin acetylation and interacting with histone
deacetylase 6 (HDAC6).
2. Materials and methods
2.1. Chemicals and antibodies
Nocodazole, 40,6-diamidino-2-phenylindole (DAPI), and anti-
bodies against a-tubulin, acetylated a-tubulin (T7451), glu-
tathione S-transferase (GST), Hemagglutinin (HA) and
maltose-binding protein (MBP) were purchased from Sigma–
Aldrich. Antibodies against HDAC6 were from Abcam, antibodies
against GFP were from Roche, and the antibodies against
acetylated-lysine were from Cell Signaling Technology. The
anti-Cep70 antibody was generated as described previously.
Horseradish peroxidase-conjugated secondary antibodies were
purchased from Santa Cruz Biotechnology, and ﬂuorescein- and
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2.2. Cell culture and transfection
HeLa cells and 293T cells were obtained from the American
Type Culture Collection, and cultured in DMEM medium supple-
mented with 10% fetal bovine serum at 37 C in a humidiﬁed atmo-
sphere with 5% CO2. Plasmids were transfected into cells with
Entranster-D reagent (Engreen Biosystem). siRNA oligonucleotides
targeting human Cep70 (siCep70#1: GAGGAUGAAUCACUAAGUA,
siCep70#2: CCUCAUACCGUCUUGGAUA) were synthesized
(RiboBio) and transfected into cells with Lipofectamine RNAiMAX
transfection reagent (Thermo Fisher Scientiﬁc) according to manu-
facturers’ protocols.
2.3. Plasmids and recombinant proteins
Mammalian expression plasmids for GFP-Cep70 (1–597
full-length and various truncated form) and HA-HDAC6 were
generated by using the pEGFPC1 and pCMV-HA vectors,
respectively. Bacterial expression plasmids for MBP-Cep70 and
GST-HDAC6 were constructed using the pMALp2T and pGEX-6P3Fig. 1. Cep70 enhances microtubule resistance to cold or nocodazole treatment. (A) HeLa
were then examined by immunoblotting with antibodies against Cep70 and actin. (B) He
for 90 min. Tubulin partitioning between the polymer (P) and soluble dimer (S) forms w
were performed as in (B), and the ratio of tubulin polymer to soluble dimer was analyzed
0, 10, 20 or 30 min. Tubulin partitioning between the polymer and soluble dimer for
expression of GFP and GFP-Cep70 was examined by immunoblotting with the anti-GFP a
to soluble dimer was analyzed. (F) HeLa cells were transfected with GFP or GFP-Cep70 an
polymer and soluble dimer forms was examined by immunoblotting with the anti-a
immunoblotting with the anti-GFP antibody. (G) Experiments were performed as in (F), a
ns, not signiﬁcant (PP 0.05).vectors, respectively. MBP and MBP-Cep70 fusion proteins were
puriﬁed with the amylose resin following the manufacturer’s pro-
tocol (New England Biolabs). GST and GST-HDAC6 fusion proteins
were puriﬁed with Glutathione Sepharose 4B (GE Healthcare).
MAP-free tubulin and MAP-rich tubulin were purchased from
Cytoskeleton.
2.4. Immunoblotting
Cells were lysed in a buffer containing 1% Triton X-100, 150 mM
NaCl, and 50 mM Tris (pH7.5). Proteins were resolved by
SDS–PAGE and transferred onto polyvinylidene diﬂuoride mem-
branes (Millipore). The membranes were blocked in Tris-buffered
saline containing 0.2% Tween 20 and 5% fat-free dry milk and
incubated with primary antibodies and then horseradish
peroxidase-conjugated secondary antibodies. Speciﬁc proteins
were visualized with enhanced chemiluminescence detection
reagent according to the manufacturer’s instructions (Pierce).
2.5. Immunoﬂuorescence microscopy
Cells grown on coverslips were ﬁxed with methanol at 20 C
or ﬁxed with 4% paraformaldehyde for 30 min at roomcells were transfected with control or Cep70 siRNAs. The levels of Cep70 and actin
La cells were transfected with control or Cep70 siRNAs, and treated with nocodazole
as examined by immunoblotting with the anti-a-tubulin antibody. (C) Experiments
. (D) HeLa cells were transfected with GFP (V) or GFP-Cep70 (C) and placed on ice for
ms was examined by immunoblotting with the anti-a-tubulin antibody, and the
ntibody. (E) Experiments were performed as in (D), and the ratio of tubulin polymer
d treated with nocodazole for 0, 30, 60 or 90 min. Tubulin partitioning between the
-tubulin antibody, and the expression of GFP and GFP-Cep70 was examined by
nd the ratio of tubulin polymer to soluble dimer was analyzed. *P < 0.05; **P < 0.01;
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X-100/phosphate-buffered saline (PBS) for 20 min. cells were then
blocked with 2% bovine serine albumin in PBS and incubated in
succession with primary antibodies and ﬂuorescein- or
rhodamine-conjugated secondary antibodies followed by staining
with DAPI for 5 min. Coverslips were mounted with 90% glycerol
in PBS and examined with an Axio Observer A1 ﬂuorescence micro-
scope (Carl Zeiss).
2.6. Immunoprecipitation and pulldown
Cell lysates or protein mixtures were incubated with anti-GFP
antibody-, or glutathione-conjugated agarose beads at 4 C for
2 h. The beads were washed extensively and boiled in SDS loading
buffer, and the precipitated proteins were detected by SDS–PAGE
and immunoblotting.
2.7. Examination of tubulin partitioning
Cells were placed on ice or treated with 5 lM nocodazole.
Cellular soluble proteins were then extracted with the PEMG buffer
(100 mM PIPES, 1 mM EGTA, 1 mMMgSO4, 1 mM GTP, pH 6.8) con-
taining 0.1% Triton X-100 and 4 M glycerol. The remainingFig. 2. Knockdown of Cep70 expression reduces the level of tubulin acetylation. (A) HeLa
a-tubulin, and a-tubulin were then examined by immunoblotting with antibodies agains
(A), and the level of tubulin acetylation was determined by dividing the density of acety
control group. (C) HeLa cells were transfected with control or Cep70 siRNAs, stained with
visualized under the ﬂuorescence microscope. Scale bar, 10 lm. (D) Experiments were pe
ﬂuorescence intensity of acetylated a-tubulin. *P < 0.05; **P < 0.01.polymeric (cytoskeletal) fraction was dissolved in 0.5% SDS and
25 mM Tris (pH 6.8). The soluble and polymeric fractions were
then subjected to SDS–PAGE and examined by immunoblotting
with the anti-a-tubulin antibody.2.8. In vitro tubulin polymerization assay
The ﬂuorescent microtubules biochem kit (Cytoskeleton, Inc.)
was used according to the instructor’s manual. Brieﬂy, rhodamine
tubulin (5 mg/ml) was diluted with unlabeled tubulin (5 mg/ml) to
reach a labeling ratio of 0.15, then incubated with puriﬁed MBP or
MBP-Cep70 fusion proteins at 37 C for 20 min. The polymerized
tubulin was removed from 37 C, and added taxol/microtubule
buffer solution, resulting in a population of taxol stabilized
microtubules. The intensity and length of microtubules were
examined under the ﬂuorescence microscope using ImageJ
software (National Institution of Health).2.9. Statistics
Results are expressed as the mean ± S.E. Statistical analyses
were performed using the Student’s t-test.cells were transfected with control or Cep70 siRNAs. The levels of Cep70, acetylated
t Cep70, acetylated a-tubulin, and a-tubulin. (B) Experiments were performed as in
lated a-tubulin by the density of a-tubulin. The data were then normalized to the
anti-acetylated a-tubulin antibody (green) and then the DNA dye DAPI (blue), and
rformed as in (C), and the level of tubulin acetylation was analyzed by measuring the
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3.1. Cep70 enhances microtubule resistance to cold or nocodazole
treatment
To explore the role of Cep70 in microtubules stabilization, we
performed microtubule depolymerization assay using HeLa cells
and then examined by immunoblotting the partitioning of cellular
tubulin between the polymer and soluble dimer forms.
Immunoblotting revealed that Cep70-speciﬁc siRNAs decreased
its expression effectively (Fig. 1A). Cep70 siRNAs signiﬁcantly
reduced the ratio of tubulin polymer to soluble dimer
(Fig. 1B and C), indicating a role for Cep70 in promoting the stabil-
ity of cellular microtubules.
To verify the above ﬁnding, HeLa cells were transfected with
GFP or GFP-Cep70 in and immunoblotting was performed to ana-
lyze tubulin partitioning after cold treatment. Microtubules in cells
depolymerized dramatically upon placing on ice, and GFP-Cep70
shifted tubulin partitioning from soluble form toward the polymerFig. 3. Cep70 promotes tubulin acetylation and microtubule stability. (A) 293T cells w
immunoblotting with antibodies against acetylated a-tubulin, GFP and a-tubulin. (B)
determined by dividing the density of acetylated a-tubulin by the density of a-tubulin. (C
tubulin antibody (red) and the DNA dye DAPI (blue), and visualized under the ﬂuorescen
level of tubulin acetylation was analyzed by measuring the ﬂuorescence intensity of acety
MBP-Cep70 fusion proteins at 37 C for 20 min, and the morphology of microtubule
Experiments were performed as in (E), and the length (F) and intensity (G) of microtubform (Fig. 1D and E). In addition, the majority of GFP-Cep70 was
examined to associate with the polymer form of tubulin
(Fig. 1D). We also investigated the effect of Cep70 overexpression
on tubulin partitioning after cells were treated with the micro-
tubule-depolymerizing agent nocodazole. Consistent with the cold
treatment results, Cep70 could enhance microtubule resistance to
nocodazole treatment (Fig. 1F and G). Cep70 also predominantly
resided with the polymer form of tubulin (Fig. 1F). These data
shows that Cep70 promotes microtubule stability upon
depolymerization.
3.2. Knockdown of Cep70 expression reduces the level of tubulin
acetylation
Stable microtubules tend to possess a high level of tubulin
acetylation. To gain mechanistic insight into the role of Cep70 in
microtubule stability, we examined the level of tubulin acetylation
in HeLa cells transfected with Cep70 siRNAs. We found that
knockdown of Cep70 expression reduced the level of tubulinere transfected with GFP or GFP-Cep70, and the cell lysates were examined by
Experiments were performed as in (A), and the level of tubulin acetylation was
) HeLa cells were transfected with GFP or GFP-Cep70, stained with anti-acetylated a-
ce microscope. Scale bar, 10 lm. (D) Experiments were performed as in (C), and the
lated a-tubulin. (E) Rhodamine-labeled tubulin was incubated with puriﬁed MBP or
s was examined with the ﬂuorescence microscope. Scale bar, 10 lm. (F and G)
ules were measured. *P < 0.05; **P < 0.01.
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of Cep70 on tubulin acetylation, immunoﬂuorescence microscopy
in HeLa cells was performed. Compared with the control group,
Cep70 siRNAs resulted in a remarkable decrease in the ﬂuores-
cence intensity of acetylated tubulin (Fig. 2C and D). These results
together indicate that Cep70 siRNAs reduce tubulin acetylation.
3.3. Cep70 promotes tubulin acetylation and microtubule stability
To gain more mechanistic insight into the role of Cep70 in
microtubule stability, we analyzed tubulin acetylation in 293T cells
transfected with GFP-Cep70 or GFP. We found that Cep70 overex-
pression increases the level of tubulin acetylation strikingly
(Fig. 3A and B). We further performed immunoﬂuorescence micro-
scopy in cells transfected with GFP-Cep70 or GFP. As shown in
Fig. 3C and D, Cep70 overexpression resulted in a remarkable
increase in the ﬂuorescence intensity of acetylated tubulin. To fur-
ther validate the effect of Cep70 on microtubule stability, we incu-
bated rhodamine-labeled tubulin with puriﬁed MBP or MBP-Cep70
fusion protein at 37 C for 20 min, and stabilized the polymerized
microtubules with taxol (Fig. 3E). By ﬂuorescence microscopic
examination of the microtubules, we found that Cep70 remarkably
increased the length and intensity of microtubules (Fig. 3F and G).
3.4. Cep70 interacts and co-localizes with HDAC6
To study how Cep70 promotes microtubule stability, we studied
whether Cep70 enhances tubulin acetylation by regulating HDAC6.Fig. 4. Cep70 interacts and co-localizes with HDAC6. (A) 293T cells were co-transfecte
performed. The immunoprecipitates and cell lysates were then immunoblotted with an
Cep70. (B) HeLa cells were stained with anti-Cep70 (red) and anti-HDAC6 (green) antib
microscope. Scale bar, 10 lm. (C) HeLa cells were transfected with HA-HDAC6 and GFP or
immunoprecipitates and cell lysates were then immunoblotted with anti-HA or anti-G
region (327–597 amino acid). (D) In vitro puriﬁed MBP-Cep70 was incubated with bact
MBP-Cep70 in the GST pull-down preparation was examined by immunoblotting.We ﬁrst examined the potential interaction of Cep70 and HDAC6.
To this end, cells were co-transfected with HA-HDAC6 and GFP
or GFP-Cep70, and immunoprecipitation and immunoblotting
assays were then performed. We found that HA-HDAC6 was pre-
sent in the GFP-Cep70 immunoprecipitates (Fig. 4A). In addition,
immunoﬂuorescence microscopy revealed that Cep70 colocalized
with HDAC6 in cytoplasm (Fig. 4B).
To identify the HDAC6 interaction domain on Cep70, cells were
transfected with plasmids that express various domain of Cep70
tagged with GFP. Immunoprecipitation and immunoblotting assays
revealed that Cep70 full-length (1–597 amino acid) and Cep70-N
(1–326 amino acid) were able to interact with HDAC6 (Fig. 4C).
To study whether Cep70 and HDAC6 interact directly,
MBP-Cep70 was incubated with bacterially puriﬁed GST or
GST-HDAC6. By immunoblotting, we found the presence of
MBP-Cep70 in the GST pull-down preparation of GST-HDAC6
(Fig. 4D), suggesting a direct interaction between Cep70 and
HDAC6. Taken together, these data show that Cep70 interacts
and co-localizes with HDAC6.
3.5. The N-terminal domain of Cep70 is necessary for tubulin
acetylation
To further investigate whether the interaction between Cep70
and HDAC6 is implicated in tubulin acetylation, we examined
tubulin acetylation in 293T cells transfected with various domain
of Cep70 tagged with GFP. We found that Cep70-N with two
coiled-coil domains promotes the level of tubulin acetylationd with HA-HDAC6 and GFP or GFP-Cep70, and anti-GFP immunoprecipitation was
ti-HA or anti-GFP antibodies. The maker is labeled, and arrowhead indicates GFP-
odies and the DNA dye DAPI, and images were then taken under the ﬂuorescence
GFP-Cep70 fusion proteins, and anti-GFP immunoprecipitation was performed. The
FP antibodies. N, amino-terminal region (1–326 amino acid); C, carboxyl terminal
erially puriﬁed GST or GST-HDAC6 immobilized on agarose beads. The presence of
Fig. 5. The amino-terminal region is necessary for Cep70 to promote tubulin acetylation. (A) 293T cells were transfected with GFP or GFP-Cep70 fusion proteins, and the cell
lysates were examined by immunoblotting with antibodies against acetylated a-tubulin, GFP and a-tubulin. (B) Experiments were performed as in (A), and the level of
tubulin acetylation was determined by dividing the density of acetylated a-tubulin by the density of a-tubulin. (C) HeLa cells were transfected with GFP or GFP-Cep70 fusion
proteins, stained with anti-acetylated a-tubulin antibody and DAPI, and visualized under the ﬂuorescence microscope. Scale bar, 10 lm. (D) Experiments were performed as
in (C), and the level of tubulin acetylation was analyzed by measuring the ﬂuorescence intensity of acetylated a-tubulin. *P < 0.05, ns, not signiﬁcant (PP 0.05).
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rescence microscopy in cells transfected with various domain of
Cep70 tagged with GFP. As shown in Fig. 5C and D, Cep70-N
resulted in a remarkable increase in the ﬂuorescence intensity of
acetylated tubulin. These results demonstrate that the
N-terminal domain of Cep70 with the coiled-coil domains is
important for regulating tubulin acetylation.
4. Discussion
Microtubule dynamics and stability are highly regulated by
multiple factors: MAPs, microtubule plus-end tracking proteins,
tubulin post-translational modiﬁcations such as detyrosination or
acetylation [20,21]. Stable microtubules are known to possess a
high level of tubulin acetylation, although the causal relationship
between tubulin acetylation and microtubule stability remains to
be explored [22]. The centrosomal protein CDK5RAP2 enhances
microtubule stability by inducing microtubule bundling and acety-
lation [13]. In addition, a new microtubule associated protein
Mdp3, a centrosomal protein as well, increases tubulin acetylation
and enhances microtubule stability [23,24]. Our previous study
shows that Cep70 is necessary for microtubule assembly and bipo-
lar spindle organization [17,18]. In this paper, we ﬁnd that Cep70
modulates microtubule stability by increasing the level of tubulin
acetylation. Furthermore, the N-terminal domain of Cep70 with
the coiled-coil domains is important for regulating tubulinacetylation. It is possible that Cep70 might promote microtubule
stability by associating with microtubule associated proteins, or
by lowering the critical concentration of tubulin for microtubule
assembly. Alternatively, Cep70 might act by neutralizing the nega-
tive charges on the microtubule surface with the positive charges
present in the coiled-coil motifs.
HDAC6, a member of the class II HDAC family, mainly localizes
in the cytoplasm [25]. HDAC6 is involved in various cellular activ-
ities through deacetylation of substrate proteins such as a-tubulin
and cortactin [26–29]. Zebraﬁsh Cep70 was proposed to contain a
histone deacetylase-interacting domain (HDAC-ID) by SMART pro-
tein analysis tool, while no interaction between Cep70 and HDAC6
was examined via the yeast two-hybrid assay [15]. In this study,
we demonstrate for the ﬁrst time that Cep70 colocalizes with
HDAC6 in the cytoplasm. By immunoprecipitation and pulldown
analysis, we show that Cep70 physically interacts with HDAC6
through the N terminal peptide fragment that contains the
coiled-coil domains. We further demonstrate that the N-terminal
peptide fragment of Cep70 is necessary for modulating tubulin
acetylation. These data show that Cep70 regulate microtubule sta-
bility via interaction with HDAC6. It is also conceivable that Cep70
might inhibit the deacetylase activity of HDAC6 by binding to its
deacetylase domains, and then promote the level of tubulin acety-
lation and microtubule stability. Besides, it has been shown that
HDAC6 regulates ciliary disassembly by modulating the acetyla-
tion of axonemal microtubules [30,31]. It is worth noting that
X. Shi et al. / FEBS Letters 589 (2015) 1771–1777 1777Cep70 morpholino contributes to shortened cilia in zebraﬁsh
embryos [15]. Our previous study has showed that ciliary function
CYLD is partially attributed to deubiquitination of Cep70 [32]. It
will be interesting to explore whether Cep70 is implicated in cilio-
genesis by modulation of tubulin acetylation or HDAC6 in future
studies.
The centrosomal protein CEP57 has been found to promote
daughter centriole stability by modulating tubulin acetylation
[33]. The Chlamydomonas homolog of Cep70, CRC70, promotes
centriole assembly by recruiting spindle assembly abnormal pro-
tein 6 (SAS-6) and Bld10p [16]. It is intriguing to investigate
whether regulation of tubulin acetylation by Cep70 is involved in
centriole assembly in mammalian cells. Moreover, it has been
reported that increased acetylation of a-tubulin is observed in can-
cer cells [34,35]. It is worthwhile that centrosome aberrations are a
frequent ﬁnding in cancer, accompanying by abnormal expression
of centrosomal protein and aneuploidy [36,37]. It provides us a
novel insight into the functional and mechanistic study of Cep70
in cancer.
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